In addition to lung-protective ventilation, the modalities currently being tested in the hope of better oxygenation and lower mortality in patients with acute respiratory distress syndrome (ARDS) and acute lung injury (ALI) include recruitment manoeuvres (RM), prone positioning, various levels of positive end-expiratory pressure (PEEP) and high-frequency oscillatory ventilation 1-5 . It has been known for some time that the effect of the interventions mentioned above differ according to factors such as patient position and aetiology of lung injury 2,6,7 . However, underlying mechanisms of these interventions are still unclear and require more investigation, especially when these methods are used in combination.
In addition to lung-protective ventilation, the modalities currently being tested in the hope of better oxygenation and lower mortality in patients with acute respiratory distress syndrome (ARDS) and acute lung injury (ALI) include recruitment manoeuvres (RM), prone positioning, various levels of positive end-expiratory pressure (PEEP) and high-frequency oscillatory ventilation [1] [2] [3] [4] [5] . It has been known for some time that the effect of the interventions mentioned above differ according to factors such as patient position and aetiology of lung injury 2, 6, 7 . However, underlying mechanisms of these interventions are still unclear and require more investigation, especially when these methods are used in combination.
Generation of transpulmonary pressure sufficient to exceed airway opening pressure, elimination of lung compression by the heart, non-gravitational distribution of perfusion and attenuation of lung injury have been proposed as mechanisms for the effect of prone positioning [8] [9] [10] [11] [12] . RMs are known to recruit collapsed alveoli and convert them into gasexchanging alveoli, but a relatively high PEEP is required to maintain its effect [13] [14] [15] .
Considering the fact that pulmonary blood flow is distributed preferentially to the dorsal area regardless of whether the body position is supine or prone 12, 16 and that ventilation/perfusion match is critical to oxygenation, it is important to know how effectively aeration is distributed to understand oxygenation improvements after RMs or prone positioning. Prone positioning is associated with a better preservation of the oxygenating effect of RMs compared to the supine position 7, 17 . It was shown qualitatively that RMs in the supine position 18 or prone positioning 19 improved aeration in dorsal lung areas. However, studies comparing the effect of RMs between supine and prone positions in terms of whole lung volume, especially the effectively aerated lung volumes, are lacking.
SUMMARY
The mechanism of oxygenation improvement after recruitment manoeuvres or prone positioning in acute lung injury or acute respiratory distress syndrome is still unclear. We tried to determine the mechanism responsible for the effects of recruitment manoeuvres or prone positioning on lung aeration using a whole lung computed tomography scan in an oleic acid induced acute lung injury canine model.
Twelve adult mongrel dogs were allocated into either the supine group (n=6) or the prone group (n=6). After the establishment of acute lung injury, three recruitment manoeuvres were performed at one-hour intervals. Haemodynamic and ventilatory variables, arterial blood gas analyses and CT scans of the whole lung were obtained 90 minutes after oleic acid injection and five minutes before and after each recruitment manoeuvre.
Recruitment manoeuvres in the supine position improved oxygenation (P=0.025) that correlated with increase of the poorly-and well-aerated dorsal (dependent) lung volume (r=0.436, P=0.016). Prone positioning increased oxygenation (P=0.004) that also correlated with increase of the poorly-and well-aerated dorsal (nondependent) lung volume (r=0.787, P<0.001). However, the recruitment manoeuvre in the prone position had no effect on oxygenation despite an increase in ventral (dependent) lung volume. The increase in P a O 2 after recruitment manoeuvres in the supine position or after prone positioning is related to the increase of the poorly-and well-aerated dorsal lung.
In this study, volume analysis of the whole lung with spiral computed tomography (CT) was used to analyse and compare the change in the lung volume between supine and prone positions. In addition, the improvement of oxygenation and the change of lung volume after RMs depending on body position (supine vs. prone) were assessed.
MATERIALS AND METHODS

Animal preparation and measurements
Twelve male mongrel dogs (24.7±2.2 kg, mean ± SD) were included in this study, using a protocol approved by the committee on the care and use of animals in research of Seoul National University Hospital. Each dog was anaesthetised with an intramuscular injection of ketamine hydrochloride 2 mg/kg (Ketalar, Yuhan Yanghang, Seoul, Korea), xylazine hydrochloride 1 mg/kg (Rompun, Bayer Korea, Seoul, Korea) and continuous infusions of vecuronium bromide (0.2 mg/kg/h) and xylazine hydrochloride (0.02 mg/kg/h). All dogs received intravenous 0.9% saline at a rate of 100 ml/h throughout the experiment.
Volume-controlled mechanical ventilation was initiated using a Servo 900C ventilator (Siemens, Erlangen, Germany) with a tidal volume of 10 ml/kg, a frequency of 12 breaths/minutes, zero PEEP and an FiO 2 of 0.8. Systemic arterial pressure, pulmonary artery pressure, central venous pressure and cardiac output were measured. Whole lung spiral CT scans (MX 8000; Philips Inc, Best, Netherlands) were also obtained.
Experimental protocol
Three equally divided doses of oleic acid (0.09 ml/kg) (Sigma, Steinheim, Germany) were slowly injected through the proximal port of the pulmonary artery catheter in supine, left and right lateral positions at five-minute intervals 20 . After a 90-minute stabilisation period in the supine position, the decrease of P a O 2 /FiO 2 ratio below 200 was used to confirm ALI.
Haemodynamic and respiratory variables, arterial blood gas analysis and CT scans were obtained before (baseline) and 90 minutes after oleic acid administration (OA 90) and also five minutes before and after each RM. At the time of position change (90 minutes after oleic acid administration), PEEP was increased to 3 cmH 2 O. RMs were composed of four consecutive 15 second inflations at 35 cmH 2 O of airway pressure with two-to three-second intervals at 3 cmH 2 O in between. A schematic diagram of the experimental protocol is shown in Figure 1 .
Acquisition and analysis of data
Haemodynamic and ventilatory variables were obtained directly from the monitor and the ventilator. CT scans were performed at functional residual capacity. The whole lung underwent volume analysis after dividing each section of the lung into dorsal and ventral parts using the pulmonary trunk as the reference level. Each divided lung section was categorised according to their Hounsfield unit (HU) into hyperinflated (-1000~-900 HU), well-aerated (-900~-500 HU), poorly-aerated (-500~-100 HU) and non-aerated (-100~100 HU) volumes and analysed with Rapidia ® 2.7 (3DMED, Seoul, Korea), a volume-and Hounsfield unitcalculating software.
Statistical analysis
All data are expressed as mean ± SD. SPSS 12.0 for windows (SPSS Inc, Chicago, IL, USA) was used for statistical analyses. Wilcoxon signed rank test was used to compare variables between baseline and OA 90. Using repeated measures analysis of variance, stages RM I-5, RM II-5 and RM III-5 were analysed to detect changes according to the time after positioning. One sample t-test was used to compare stages before and after the RM, and to evaluate the effects of positioning. Pearson's correlation coefficient was used to search for variables that correlate with P a O 2 changes.
RESULTS
There was no difference in haemodynamic and respiratory variables between the two groups at baseline and OA 90. In the supine group, there were no differences between stages OA 90, RM I-5, RM II-5 and RM III-5 in P a O 2 , P a CO 2 and lung volumes whereas in the prone group, there was a difference in P a O 2 , P a CO 2 and lung volumes among stages RM I-5, RM II-5 and RM III-5. Haemodynamic variables remained stable throughout the experiment in both groups. Respiratory variables of both groups are shown in Table 1 .
Effect of recruitment manoeuvres
In the supine group, recruitment manoeuvres increased P a O 2 from 83±32 mmHg (mean ± SD) to 114±64 mmHg (P=0.025) but the effects were not sustained ( Table 1 ). Variables that correlated with the increase of P a O 2 include the decrease of peak (P=0.042) and plateau (P=0.001) airway pressure, 
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Hyperinflated volume and the increase of poorly-and well-aerated dependent (dorsal) lung volume (P=0.016) ( Figure 2 ). In the prone group, RMs failed to improve oxygenation. However, peak (P=0.005) and plateau (P=0.018) airway pressures decreased and poorlyand well-aerated dependent (ventral) lung volume (P=0.002) increased after RMs (Figure 2) .
Effect of body positioning
The effect of body positioning was determined by comparing variables of OA 90 with those obtained five minutes before each RM. In the prone group, there was an increase in P a O 2 (P=0.004), which correlated with the increase in poorly-and wellaerated dorsal (nondependent) lung volume (r=0.787, P <0.001) ( Figure 3 ). Stages following RM II-5 showed a continuous elevation of P a O 2 (P <0.05) ( Table 1 ). There were no changes in P a O 2 in the supine group.
DISCUSSION
Our study's main findings are 1) RMs produced an increase in P a O 2 in the supine position, which correlated with the increase in the poorly-and wellaerated dorsal (dependent) lung volume, but did not produce an increase in P a O 2 in the prone position despite an increase of poorly-and well-aerated ventral (dependent) lung volume and 2) prone positioning by itself produced an increase in P a O 2 , which correlated with the increase in the poorly-and well-aerated dorsal (nondependent) lung volume.
In our study, RMs in the supine group produced an increase in P a O 2 , which correlated with the increase of poorly-and well-aerated dorsal (dependent) lung volume. Peak and plateau pressures were also decreased after each RM. However, neither effect was sustained. In accord with most studies concerning ARDS or ALI, the majority of alveolar collapse and consolidation was observed in the dorsal (dependent) lung 17, 18 . Therefore, alveolar recruitment of the dorsal lung and subsequent improvement of ventilation/perfusion match seems to be the cause of improved oxygenation because perfusion is preferentially distributed to the dorsal lung irrespective of body position 16, 21 .
Previous studies concerning the effect of RMs in the supine position have shown that an 'antiderecruitment strategy', such as high PEEP, is important in maintaining the effect of RM 7, 22, 23 . In our study, the effect of RMs in terms of oxygenation seemed to disappear within one hour as indicated by P a O 2 measured 55 minutes after RMs and the relatively low PEEP is thought to be the cause of the derecruitment following the RMs.
In the prone group, although the RMs increased the poorly-and well-aerated dependent (ventral) lung volume, it failed to increase the P a O 2 . There may be a few explanations for the failure to improve oxygenation after RMs despite increase of the poorly-and well-aerated dependent (ventral) lung volume. As demonstrated by a recent study from the ARDSnet regarding the effect of RMs with high PEEP in the supine position 15 , recruitable lung volume is one of the important factors that determine the effectiveness of RMs. However, in the prone position, most of the recruitable lung volume in the dorsal lung is already recruited by the prone positioning and pulmonary blood flow is 
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Well-aerated volume Hyperinflated volume Figure 3 : Lung volume analysis for prone group. RM=recruitment manoeuvre. Volume analyses show an increase in poorly-and well-aerated lung volume in the ventral (dependent) lung after each RM compared to stages before each RM. * indicates a P value less than 0.05 compared to the stages before each RM. There was an increase in poorly-and well-aerated lung volume in the dorsal lung in stages following OA 90 compared to stage OA 90. † indicates a P value less than 0.05 compared to stage OA 90. OA 90=90 minutes after oleic acid injection, RM I-5=five minutes before the first RM, RM I+5=five minutes after the first RM, RM II-5=five minutes before the second RM, RM II+5=five minutes after the second RM, RM III-5=five minutes before the third RM, RM III+5=five minutes after the third RM.
preferentially distributed to the dorsal lung 10, 12, 16, 21 . Therefore, the recruitment of ventral (dependent) lung volume and improved respiratory compliances reflected in peak and plateau pressures had little effect on the improvement of ventilation/perfusion mismatch.
In contrast to the supine group, prone positioning was associated with a significant increase in P a O 2 that correlated with the increase of poorly-and well-aerated dorsal (nondependent) lung volume. The improved oxygenation was sustained irrespective of RMs. Another finding worth noting is that the P a CO 2 decreased after 90 minutes of prone positioning and remained so. This was not observed in the supine group, implying that prone positioning not only improved oxygenation but also alveolar ventilation as well.
The proposed mechanisms of RMs and prone positioning seem different, but these two widely used and studied methods share a fundamental aspect, alveolar recruitment. RMs recruit alveoli by applying supernormal airway pressure 23, 24 and prone positioning recruits alveoli by producing favourable pressure gradients 2,25 both resulting in improved oxygenation. However, in order to maintain the oxygenation-improving effect after RMs, antiderecruitment measures are needed. Proposed antiderecruitment strategies include high PEEP, prone positioning and small tidal volume ventilation with optimal PEEP 7, 23, 24, 26 .
The results of our study suggest that recruitment of the dorsal lung volume is a shared mechanism of oxygenation improvement after RM and prone positioning. As stated above, maintenance of the dorsal lung perfusion regardless of body position seems to play a pivotal role 10, 12, 16 .
Although there may be contradictory views, we agree with the viewpoint that CT analysis using the whole lung is more reliable compared to analysis of a few representative sections, especially when studying ALI or ARDS. CT scanning and analysis of the whole lung provides a better understanding of changes in lung volume and density. Unfortunately, the information derived from lung CT scans is limited to lung aeration. Lung perfusion is a major factor in determining oxygenation, which cannot be detected by lung CT scans. Since the ventilation/ perfusion match is a critical factor in determining oxygenation, CT scans alone are not sufficient to assess a definite gas exchange-lung structure relationship.
There are some limitations in this study that need to be considered when interpreting the results. In the prone group, there may be a possibility that the preceding RM may have influenced the effect of the following RM, since the prone position is known to attenuate derecruitment after RM 7 . When before-RM stages were analysed by using repeated measures ANOVA, there was a significant difference in P a O 2 , respiratory mechanics and lung volumes in the prone group. Because there were no changes in P a O 2 after RM and the applied PEEP level was only 3 cmH 2 O, the possibility that the preceding RM may have affected the following RM one hour later seems to be low. The increase in oxygenation is most likely the result of prone positioning itself rather than RMs in the prone group.
In the supine group, repeated ANOVA measures showed no difference among three stages before RM, implying that conditions before each RM were comparable. Considering the level of applied PEEP (3 cmH 2 O) and the negative results of other studies that applied higher levels of PEEP (10 to 14 cmH 2 O) 7,10,14 , the one-hour interval between RMs seems to be sufficient to exclude the effect of the previous RM.
As mentioned above, the level of PEEP used in this study is very low compared to other studies and to PEEPs used clinically. The focus of this study was to highlight the mechanism of improved oxygenation of RMs and prone positioning and the level of PEEP was intentionally chosen to serve this purpose.
In conclusion, our study suggests that increased P a O 2 after RM in the supine position or after prone positioning is related to the increase of poorly-and well-aerated dorsal lung volume in the ALI model. RMs were shown to preferentially recruit dependent lung areas regardless of body position.
